In the present era, the renewable sources of energy, e.g., piezoelectric materials are in great demand. They play a vital role in the field of micro-electromechanical systems, e.g., sensors and actuators. The cantilever-based piezoelectric energy harvesters are very popular because of their high performance and utilization. In this researchwork, an energy harvester model based on a cantilever beam with bimorph PZT-5A, having a substrate layer of structural steel, was presented. The proposed energy scavenging system, designed in COMSOL Multiphysics, was applied to analyze the electrical output as a function of excitation frequencies, load resistances and accelerations. Analytical modeling was employed to measure the output voltage and power under pre-defined conditions of acceleration and load resistance. Experimentation was also performed to determine the relationship between independent and output parameters. Energy harvester is capable of producing the maximum power of 1.16 mW at a resonant frequency of 71 Hz under 1g acceleration, having load resistance of 12 kΩ. It was observed that acceleration and output power are directly proportional to each other. Moreover, the investigation conveys that the experimental results are in good agreement with the numerical results. The maximum error obtained between the experimental and numerical investigation was found to equal 4.3%.
INTRODUCTION
In the past few decades, there has been an escalation of research in the field of energy harvesting, which is the process being used to obtain the electrical energy from the energy sources available in the environment [1] . Basic renewable sources existing in the ambient environment are: mechanical vibration, wind energy, thermal power, kinetic energy and solar energy; however, with the recent advancement in piezoelectric materials, mechanical vibration is becoming increasingly popular day by day [2, 3] . Piezoelectric energy harvesters are used as self-powered source in the wireless technology to replace the conventional battery [4, 5] .
The power generated by a piezoelectric energy harvester can be useful in many applications, such as microelectromechanical systems (MEMS) [6] , biomedical sensors [7] , piezoelectric miniature robots, and in sensor wireless networks [8] . Piezoelectricity is a property of certain crystalline materials such as PVDF, quartz, ceramics and PZT that develop electricity when mechanical stress is applied. This effect is known as direct piezoelectric effect. Due to the applied electric field, these crystals undergo deformation known as inverse piezoelectric effect. These vibrations can be found in many applications such as moving automobile and structures like bridges and buildings. Human-based energy harvesting applications like footstep are also characterized by high amplitude and low frequency displacements [9, 11] . The obtained electrical energy depends upon several parameters, such as intensity of vibration, expanse of mechanical source present in the environment, sensitivity and performance of electronic devices that are used for power conversion.
Nowadays, the piezo-based harvesters are consistently used in the traffic areas. Although useful-energy is obtained from this source, there is still a problem of low electrical output. In order to eradicate such limitations, a robust energy harvester is observed in [12] . They revealed that the maximum output power of harvester is 3.98 mw, which is due to ambient excitation from 2.5 mm displacement. They also proved that this output is 4.2 times greater than the output of the existing vibrational energy harvesters. On the basis of these results, it is recommended to use this energy harvester in highways to elucidate the problem of energy depletion.
In the past, most of the researchers showed the electrical output of piezo-harvester based on constant ambient excitation. In the case of practical applications, peak-displacement of the cantilever must be limited due to induction of internal strain. Optimization of a piezo-harvester is obtained by considering both maximum displacement and the ambient excitation. Its considered that the efficiency of electromechanical transductions is no more than 50% [13] . Due to voltage generation of piezoelectric materials, they are massively applied in the field of aerospace industry. The PZT patches are integrated with in the satellite structure to obtain the electrical output due to the application of thermal and outer surface ambient vibrations. The maximum output energy obtained is 0.8 nJ analyzed by commercially available software ABAQUS with the experimental testing [14] . Alomari et al., studied the electrical output and mode shapes for a unimorph cantilever beam. The effect of single and multiple piezoelectric unimorphs having the same thickness with the change in length and substrate materials on electrical power was examined. Connecting five piezoelectric unimorphs increases the power up to 3 μW [15] . There are several techniques to optimize the output response from a energy harvester. One such approach is presented in [16] . It was observed that the maximum power of a bimorph energy harvester exists when the length of piezoelectric layer is taken as 1/3 out of the total length of device. By considering this technique, power density of 2.65 mW/cm 3 was attained. S. Sunithamani studied the effect of proof mass on unimorph piezoelectric harvester and found that using disc proof mass, the maximum output power obtained is 0.443 μW [17] . Thickness ratio of substrate to the piezoelectric material can also affect the performance of a piezoelectric energy harvester. S. Sunithamani found that the thickness ratio has a direct relation with frequency [18] . Energy scavenging system based on piezo material, which can harvest energy in all X, Y and Z directions was observed. It was found that seismic mass connected to four L-shape PZT/Si beams has the ability to bend in all three directions. Transverse Piezoelectric mode is used to attain mechanical energy and voltage with durable phase difference generated, depending upon the direction of the applied mechanical vibration. They reveal the fact of attaining 5.53 μW in response to 50 mg accelerated vibration [19] . In the past decades, the focus was on the design and development of the techniques for energy scavenging from renewable energy sources. Although piezoelectric materials have a large array of applications in wireless devices, the bandwidth of the harvested energy is too small. The plan of action is based on a device consisting of four piezoelectric fiber composite beams with tip masses and the bandwidth of a harvester is increased by tuning each beam with a different resonance frequency. It was proven that multiple cantilever beams can harvest more energy [20] . During the Piezoelectric transductions based on bimorph cantilever, thickness ratio and electromechanical coupling co-efficient play a vital role to achieve the maximum output power. It was observed that there is an ideal thickness ratio at which the output of bimorph energy harvester reaches maximum. The Young's modulus ratio has inverse relationship with electromechanical coupling coefficient and generated energy [21] . The analysis based on simulation and analytical modeling must have a good agreement to satisfy the output results of energy harvester. In order to eradicate the error existing between them; the approach based on equivalent electrical model is observed. This model is evaluated with resonant frequency and tip deflections. They showed that the model has resonance frequency of 87.12 Hz, satisfying the FEM and analytical results with less than 5% error [22] . In the past few years, several researchers were taking keen interest to design and develop the electronic circuits, which can be used to increase the level of electrical output. A Cuk DC-DC converter is one of them, used to harvest and enhance the electrical energy from various levels of input excitation. Duty cycle plays a typical role during the storage phase of piezo-transductions and it has inverse relationship with the level of ambient vibration. Therefore, a Cuk converter is suggested to raise the efficiency of a piezoelectric energy harvester particularly in which all harvested energy is being absorbed by the conventional battery [23] .
In the previous research, many researchers concluded that the phenomenon of energy harvesting via PZT has maximum performance at flutter or resonant frequency [24, 26] . The aim of this research is to investigate the electrical properties i.e., frequency shocking, to enhance the performance of energy harvester that can have numerous applications in the field of aerospace and mechanical engineering. This research work presents a cantilever model of bimorph piezoelectric energy harvester, which is used to study the effect of excitation frequencies, load resistances and accelerations on output voltage and power. An energy harvester having two layers of piezoelectric material (PZT) and one layer of substrate material was designed and simulated in COM-SOL Multiphysics was applied for analyzing the electrical parameters. For validation, experimentation was performed and the experimental results were compared with the numerical results.
THEORETICAL ANALYSIS
The proposed design of energy harvester is shown in Figure 1 . It is based on a cantilever beam having bi-morph piezo-material. Beam under consideration consists of uniform thickness. The central layer is actually sandwiched between the two piezo-electric layers. The material used for the central layer is structural steel. Due to the piezo-materials used on top and bottom surfaces of the cantilever beam, electrodes are defined and these electrodes can be extended for the parallel and series combination in order to enhance the concept of energy harvesting. For the series connection, beams are poled in the opposite direction and then on the application of the force F s , output voltage is generated on the outer electrodes. For the parallel combination, beams must be polled in the same direction and when force F p is applied, output voltage can be attained by connecting the outer and the center electrodes. Figure 1 shows that the left-end of this beam is fixed and proof-mass is displaced at the end of its right-end. Due to the end displacement of the mass, bending of a beam takes place, during which two equal and opposite forces act simultaneously on the upper and lower surfaces of the beam. However, there is an axis in the middle of a beam having no change in its length and is known as neutral axis. This research work was done by considering the input vibration or polarization only in the Z-direction and piezo-electric layer experiences strain in the X-direction. For the linear polarization behavior, Piezo constitutive laws in reduced form are given in Equations (1) and (2) .
Sushanta Kundu and Harshal B. Nemade developed analytical modeling based on the bimorph piezo-harvester [27] . The stress developed where: r pc is the distance between center of piezolayer and neutral axis.
In order to completely analyze the proposed design, consider the commonly used mass-spring damper system of a vibration energy harvester as shown in the Figure 2 . The system consists of the equivalent mass m, spring with spring constant k and two dampers; Mechanical damper is denoted by f v and θ E represents electrically induced damping co-efficient.
As tensile and compressive forces are acting on the beam, couple is obtained, the moment of which must be equal to the external moment M, as anticipated from Equation (4).
In Equation (4), it is observed that strain is induced in x-direction and end-moment of the mass is kz 0 . Hence, Equation (3) can be rewritten as:
By considering the electric field as voltage per unit of the piezo-layer (V/r p ) and Equation (5), direct piezo-constitutive equation is given in Equation (6) . It must be noted that the stress in Equation (6) is average the stress analyzed from fixed to free end.
Due to alternative distributions, charges will be separated out depending upon the length (L) and thickness (b) of the beam, as obtained from Equation (7).
By taking the time-derivative of Equation (7), Current is given in Equation (8)
Due to input ambient vibration, alternative voltage is obtained which is further interfaced with the rectifying circuit to obtain the pulsating DC output, as shown in Figure 1 . Therefore, Equation (9) represents the electromechanically coupling form of energy harvester
where: C p is Capacitance of a single piezo layer, θ is electrically induced damping coefficient and V is the Output Voltage.
In this research work, we have connected the piezo-layers in series combination; thus, following the capacitance theory, equivalent capacitance of the energy harvester will be halved with corresponding electromechanically coupling equation given in Equation (10).
+
v = 2 z 0 (10)
NUMERICAL ANALYSIS OF PZT-5A BIMORPH ENERGY HARVESTER
The commercially available software COM-SOL Multiphysics was used to design and simulate the bimorph piezoelectric energy harvester. Figure  3 shows a geometric model of cantilever based Fig. 2 . Mass-spring damper system for energy harvester bi-morph energy harvester. PZT-5A and structural steel were used as piezoelectric and substrate materials, respectively, with their properties mentioned in Table 1 . The entire geometry of an energy harvester is meshed with free triangular elements. For mechanical boundary conditions, bimorph energy harvester is fixed from its one end. In turn, proof mass having length of 4 mm and width of 1.5 mm is placed on its free end to transform the ambient vibration. Overall cantilever beam dimensions are 20 mm in length and 1.6 mm in width. Initially, a cantilever is simulated to obtain resonant frequencies by varying the length of proof mass. Afterwards, Bimorph piezoelectric energy harvester is analyzed to obtain output voltage and power in response to several exciting frequencies, load resistances and gravitational acceleration.
EXPERIMENTAL SETUP
Experimental Testing is performed for validation of numerical results. Figure 4 shows a schematic view of the experimental setup for measuring output voltage and power. The experimental setup shown in Figure 5 consists of Programmable Function Generator (HM8150), Modal Shaker (JZK-10), Power Amplifier (YE5871A), Digital Oscilloscope and Micro Strain WSDA-Base Station. The fixed end of cantilever-based bimorph energy harvester was actually clamped on Modal Shaker acting as a source of vibration and Function generator was used to provide the necessary excitation. Power Amplifier was utilized to control the vibrational frequency of Modal Shaker. Micro strain WSDA-Base station was used to measure the acceleration signal. The output voltage was recorded as a function of excitation frequencies, Load Resistance and acceleration. Power dissipation formula was used to attain the power value across a certain value of load resistance.
RESULTS AND DISCUSSION
The mechanical and electrical properties of cantilever-based bimorph piezoelectric energy harvester were recorded experimentally as well as numerically. In this section, the obtained experimental and numerical results were discussed and good agreement was observed.
Phase 1: Measurement of resonant frequency
Resonant frequencies were measured by varying the length of proof mass at free end of cantilever beam. Figure 6 shows the resonant frequencies with various mass lengths having the constant width of proof mass. It was observed that mass length and resonant frequency are inversely proportional to each other. Figure 6 shows that the resonant frequency was decreased from 114Hz to 66Hz with the variation in length of proof mass ranging from 1 mm to 5 mm. Due to an increase in the length of proof mass, effective spring constant is reduced which has a direct relation with bending modulus per unit width. It reveals the fact that by increasing the proof mass length the bending modulus per unit width will decrease. Consequently, an increase in the length of proof mass will decrease the resonant frequency of cantilever beam. This result shows that variation in proof mass length is a useful parameter for controlling the resonant frequency of energy harvester based on a cantilever beam.
Phase 2: Measurement of voltage and power by varying frequency
In this phase, voltage and electrical power are evaluated by varying frequency ranging from 50 Hz to 90 Hz at an acceleration of 1 g having load resistance of 12 kΩ. Figure 7 shows that the resonant frequency of cantilever-based bimorph piezoelectric energy harvester is about 71 Hz. At resonant frequency, the maximum value of peak voltage is 5.28 V. Figure 8 shows that at resonant frequency, maximum output power is about 1.16 mW.
Phase 3: Measurement of voltage and power by varying load resistance
In this phase, voltage and electrical power are analyzed by varying load resistance ranging from 10 Ω to 100 kΩ at an acceleration of 1 g having resonant frequency of 71 Hz. Figure 9 and Figure 10 reveal the output voltage and electrical power as a function of load resistance. The output voltage is increased until load resistance becomes 12 kΩ. After 12 kΩ, increasing load resistance does not increase the output voltage significantly. Maximum output power of 1.23 mW is obtained at 12 kΩ known as optimal load resistance.
Phase 4: Measurement of voltage and power by varying acceleration
In this phase, the output voltage and power are measured by varying gravitational acceleration ranging from 0.1 g to 3.85 g at an optimal resistance of 12 kΩ. This phase is evaluated at various frequencies from 69 Hz to 73 Hz. Figures  11 and 12 show the output voltage and power as a function of gravitational acceleration. The results indicate that acceleration and voltage are directly proportional to each other such that by increasing acceleration, output voltage will increase. The maximum output power of 17.24 mW is obtained at resonant frequency of 71 Hz having an acceleration of 3.85 g.
Phase 5: Validity of bi-morph energy harvester
In this phase, the numerical predicted results are compared with the experimental results and an appropriate acceptance is observed. In experimentation, resonant frequency is measured 70.5 Hz quite nearly equal to 71 Hz observed numerically. During the experimental testing, the maximum output Voltage and Power are measured as 4.98 V and 1.11 mW, respectively. Figures 13 and 14 show the comparison between experimentally and numerically predicted output Voltage and Power. 
CONCLUSION
In this research paper, a cantilever-based bimorph piezoelectric energy harvester was designed and developed to investigate the direct piezoelectric effect. A numerical analysis was performed by using COMSOL Multiphysics. The performance of piezoelectric energy harvester was investigated at different values of excitation frequency, load resistance and acceleration. The optimal load resistance and resonant frequency of proposed piezoelectric energy harvester are about 12 kΩ and 71 Hz, respectively. The numerical calculations reveal that the optimal value of resistance is obtained for a particular length of PZT beam and it must be on location that will give maximum value of output power. It was observed that the length of proof mass has an inverse relationship with the resonant frequency of energy harvester. Consequently, an increase in the length of proof mass will also increase the output voltage and power. In addition, an energy harvester shows positive linear behavior towards different conditions of acceleration. The experimental testing was performed to verify the numerical predicted results of energy harvester. Energy harvester is capable of producing maximum power of 1.16 mW at resonant frequency of 71 Hz, 1 g acceleration having 12 kΩ load resistance. These results enunciate that proposed model is robust and can be connected to an assortment of mechanical conditions. In future work, the system could be improved by considering the effects of damping and precise location of piezo layers on the respective beam. 
